We present two new non-parametric methods for quantifying galaxy morphology: the relative distribution of the galaxy pixel flux values (the Gini coefficient or G) and the second-order moment of the brightest 20% of the galaxy's flux (M 20 ). We test the robustness of G and M 20 to decreasing signal-to-noise and spatial resolution, and find that both measures are reliable to within 10% for images with average signal-to-noise per pixel greater than 2 and resolutions better than 1000 pc and 500 pc, respectively. We have measured G and M 20 , as well as concentration (C), asymmetry (A), and clumpiness (S) in the rest-frame near-ultraviolet/optical wavelengths for 148 bright local "normal" Hubble type galaxies (E-Sd) galaxies, 22 dwarf irregulars, and 73 0.05 < z < 0.25 ultraluminous infrared galaxies (ULIRGs). We find that most local galaxies follow a tight sequence in G − M 20 − C, where early-types have high G and C and low M 20 and latetype spirals have lower G and C and higher M 20 . The majority of ULIRGs lie above the normal galaxy G − M 20 sequence, due to their high G and M 20 values. Their high Gini coefficients arise from very bright nuclei, while the high second-order moments are produced by multiple nuclei and bright tidal tails. All of these features are signatures of recent and on-going mergers and interactions. We also find that in combination with A and S, G is more effective than C at distinguishing ULIRGs from the "normal" Hubble-types. Finally, we measure the morphologies of 49 1.7 < z < 3.8 galaxies from HST NICMOS observations of the Hubble Deep Field North. We find that many of the z ∼ 2 galaxies possess G and A higher than expected from degraded images of local elliptical and spiral galaxies, and have morphologies more like low-redshift ULIRGs.
INTRODUCTION
The evolution of the physical structure of galaxies is one of the keys to understanding how matter in the universe assembled into the structures we see today. The most accessible tracer of a galaxy's physical structure is its morphology, i.e. the organization of its light (stars and dust), as projected into our line of sight and observed at a particular wavelength. As we examine more distant galaxies, we find that galaxy morphologies become increasingly chaotic. The disk and spheroidal structures abundant in the local universe disappear at early times in the universe (e.g. Abraham et al. 1996 , Abraham & van den Bergh 2002 . The emergence of the local Hubble sequence of spiral and elliptical galaxies at late times is one of the predictions of the hierarchical picture of galaxy assembly.
While the first morphological studies sought to describe the variety of galaxy shapes and forms, the goal of present-day morphological studies is to tie the spatial distribution of stars to the formation history of the galaxy. A major obstacle to this goal has been the difficulty in quantifying morphology with a few simple, reliable measurements. One tack is to describe a galaxy parametrically, by modeling the distribution of light as projected into the plane of the sky with a prescribed analytic function. For example, bulge-to-disk light ratios may be computed by fitting the galaxy with a two-component profile, where the fluxes, sizes, concentrations, and orientations of the bulge and disk components are free parameters (Peng et al. 2002 , Simard et al. 2002 . This B/D ratio correlates with qualitative Hubble type classifications, although with significant scatter. Unfortunately, there is often a fair amount of degeneracy in the best-fitting models and B/D ratios, and structures such as compact nuclei, bars, and spiral arms introduce additional difficulty in fitting the bulge and disk components (e.g. Balcells et al 2003) . A related approach is to fit a single Sersic profile to the entire galaxy (Blanton et al. 2003a) . Profiles with high Sersic indices are interpreted as bulge-dominated systems, while low Sersic indices indicate disk-dominated systems. However, not all bulges have high Sersic index values -some are exponential in nature (Carollo 1999) , so not all objects with bulges will produce intermediate or high Sersic indices. Both the one-component and multiple-component fitting methods assume that the galaxy is well described by a smooth, symmetric profile -an assumption that breaks down for irregular, tidally disturbed, and merging galaxies.
Non-parametric measures of galaxy morphology do not assume a particular analytic function for the galaxy's light distribution, and therefore may be applied to irregulars as well as standard Hubble type galaxies. Abraham et al. (1994 Abraham et al. ( , 1996 introduced the concentration index C (which roughly correlates with a galaxy's B/D ratio) and Schade et al. (1995) put forward rotational asymmetry A as a way to automatically distinguish early Hubble types (E/S0/Sa) from later Hubble types (Sb/Sc) and classify irregular and merging galaxies. Subsequent authors modified the original definitions to make C and A more robust to surface-brightness selection and centering errors (Wu 1999 , Bershady et al. 2000 , Conselice et al. 2000 . The third quantity in the "CAS" morphological classification system is a measure of a galaxy's residual clumpiness S, which is correlated with a galaxy's color and star-formation rate (Isserstedt & Schindler 1986; Takamiya 1999; Conselice 2003) . Other more computer-intensive approaches to galaxy classification such as artificial neural networks and shapelet decomposition have also been applied to local and distant galaxies. Artificial neural networks are trained by an astronomer on a set of galaxies of known morphological type and use a combination of size, surface-brightness, concentration, and color to classify galaxy types (Odewahn et al. 1996 , Naim et al. 1997 . "Shaplets" deconstruct each galaxy's image into a series of Hermite polynomials (Refregier 2003 , Kelly & McKay 2004 . The eigen-shapes produced by shapelet decomposition are often difficult to interpret by themselves, and the additional step of principle component analysis is performed to classify galaxies.
While CAS is perhaps the most straightforward of the non-parametric methods, it is not without its weaknesses. Because concentration is measured within several circular apertures about a pre-defined center, it implicitly assumes circular symmetry, making it a poor descriptor for irregular galaxies. Asymmetry is more sensitive to merger signatures than concentration, but not all merger remnant candidates are highly asymmetric, and not all asymmetric galaxies are mergers (e.g. dusty edge-on spirals). Finally, the clumpiness determination requires one to define a galaxy smoothing length, which must be chosen carefully to avoid systematic effects dependent on a galaxy image's point spread function (PSF), pixel scale, distance, and angular size. Also, the bulges of highly concentrated galaxies give strong residuals which are not due to star-forming regions and must be masked out when computing S.
In this paper, we examine two new non-parametric ways of quantifying galaxy morphology which circumvent some of the problems with the "CAS" system. We use the Gini coefficient, a statistic used in economics to describe the distribution of wealth within a society. It was first adapted for galaxy morphology classification by Abraham et al. (2003) to quantify the relative distribution of flux within the pixels associated with a galaxy. It is correlated with concentration, but does not assume that the brightest pixels are in the geometric center of the galaxy image. We also define a new indicator, M 20 , which describes the second-order moment of the brightest 20% of the galaxy. While similar to the concentration index, M 20 is more sensitive to merger signatures like multiple nuclei and does not impose circular symmetry. In §2, we modify Abraham's definition of the Gini coefficient in order to make it applicable to distant galaxies and we define M 20 . In §3, we test the robustness of these statistics to decreasing S/N and resolution, and find that at average S/N per galaxy pixel > 2 and spatial resolutions < 500 pc, they are reliable to within 10%. We also compare the robustness of G and M 20 to CAS. In §4, we compare the ability of G and M 20 to classify local Hubble-type and merging galaxies to the CAS system. Finally in §5, we examine the near-ultraviolet/optical morphologies of 49 1.7 < z < 3.8 Lyman break galaxies and attempt to classify these LBGs as ellipticals, spirals, or merger candidates.
MEASURING GALAXY MORPHOLOGIES

The Gini Coefficient
The Gini coefficient is a statistic based on the Lorenz curve, the rank-ordered cumulative distribution function of a population's wealth or, in this case, a galaxy's pixel values (Abraham et al. 2003) . The Lorenz curve is defined as
where p is the percentage of the poorest citizens or faintest pixels, F(x) is the cumulative distribution function, andX is the mean over all (pixel flux) values X i (Lorenz 1905) . The Gini coefficient is the ratio of the area between the Lorenz curve and the curve of "uniform equality" where L(p) = p (shaded region, Figure 1 ) to the area under the curve of uniform equality (= 1/2). For a discrete population, the Gini coefficient is defined as the mean of the absolute difference between all X i :
where n is the number of people in a population or pixels in a galaxy. In a completely egalitarian society, G is zero, and if one individual has all the wealth, G is unity. A more efficient way to compute G is to first sort X i into increasing order and calculate (Glasser 1962) .
For the majority of local galaxies, the Gini coefficient is correlated with the concentration index, and increases with the fraction of light in a compact (central) component. In a study of 930 SDSS Early Data Release galaxies, Abraham et al. (2003) found G to be strongly correlated with both concentration and surface brightness. However, unlike C, G is independent of the large-scale spatial distribution of the galaxy's light. The correlation between C and G exists because highly concentrated galaxies have much of their light in a small number of pixels. High G values may also arise when very bright galaxy pixels are not found in the center of a bulge. Therefore G differs from C in that it can distinguish between galaxies with shallow light profiles (which have both low C and G) and galaxies where much of the flux is located in a few pixels not at the projected center (which have low C but high G).
In practice, the application of the Gini coefficient to galaxy observations requires some care. One must have a consistent definition of the pixels belonging to the galaxy in order to measure the distribution of flux within those pixels and compare that distribution to other galaxies. The inclusion of "sky" pixels will systematically increase G, while the exclusion of low-surface brightness "galaxy" pixels will systematically decrease G. Abraham et al. (2003) measure G for galaxy pixels which lie above a constant surface-brightness threshold. This definition makes the direct comparison between high-redshift galaxies and the local galaxy population difficult because of the (1 + z) 4 surface-brightness dimming of distant galaxies. Therefore, we attempt to create a segmentation map of the galaxy pixels in a way that is insensitive to surface-brightness dimming. The mean surface brightness µ(r p ) at the Petrosian radius r p is used to set the flux threshold above which pixels are assigned to the galaxy. The Petrosian radius is the radius r p at which the ratio of the surface brightness at r p to the mean surface brightness within r p is equal to a fixed value, i.e.
where η is typically set to 0.2 (Petrosian 1976) . Because the Petrosian radius is based on a curve of growth, it is largely insensitive to variations in the limiting surface brightness and S/N of the observations. This revised definition should allow better comparison of G values for galaxies with varying surface brightnesses, distances, and observed signal-to-noise..
The galaxy image is sky-subtracted and any background galaxies, foreground stars, or cosmic rays are removed from the image. The mean ellipticity and position angle of the galaxy is measured using IRAF task ellipse. The Petrosian "radius" (or semi-major axis length) is measured for increasing elliptical apertures, rather than circular apertures. While the Petrosian radius determined by the curve of growth within circular apertures is similar to that determined from elliptical apertures for most galaxies, elliptical apertures more closely follow the galaxy's true light profile and can produce very different r p values for edge-on spirals. To create the segmentation map, the cleaned galaxy image is first convolved with a Gaussian with σ = r p /5. This step raises the signal of the galaxy pixels above the background noise, making low-surface brightness galaxy pixels more detectable. Then the surface brightness µ at r p is measured and pixels in the smoothed image with flux values ≥ µ(r p ) and less than 10 σ from their neighboring pixels are assigned to the galaxy. The last step assures that any remaining cosmic rays or spurious noise pixels in the image are not included in the segmentation map. This map is then applied to the cleaned but unsmoothed image, and the pixels assigned to the galaxy are used to compute the Gini coefficient.
Even when the pixels assigned to a galaxy are robustly determined, the distribution of flux within the pixels will depend on the signal-to-noise ratio (S/N ) as noise smears out the flux distribution in the faintest pixels. This is illustrated in the left of Figure 2 by adding increasing Poisson sky noise to the S0 galaxy NGC4526 image, and recalculating the segmentation map and Gini coefficient. We define the average signal-to-noise per galaxy pixel < S/N > as
where S i is pixel i's flux, σ sky is the sky noise, and n is the number of galaxy pixels in the segmentation map. As < S/N > decreases, the distribution of measured flux values in the faintest pixels becomes broader. The measured Gini coefficient increases because low surface-brightness galaxy pixels are scattered to flux values below the mean sky level, resulting in negative flux levels for the faintest pixels assigned to the galaxy by our smoothed segmentation map. We note that, while the Poisson noise redistributes all the pixel flux values, the effects are significant only for pixels with intrinsic flux values ≤ 3σ sky . Therefore, as a first order correction, we compute the Gini coefficient of the distribution of absolute flux values:
Low-surface brightness galaxy pixels with flux values scattered below the sky level are reassigned positive values (right of Figure 2 ). This correction recovers the "true" Gini coefficient to within 10% for images with S/N > 2; at very low S/N values, even the brightest galaxy pixels are strongly affected by noise and the Gini coefficient is not recoverable. In Figures 3-4 , we show the final segmentation maps used to compute the Gini coefficient as contour maps for eight galaxies of varying morphological type (Table 1) .
The Moment of Light
The total second-order moment M tot is the flux in each pixel f i multiplied by the squared distance to the center of the galaxy, summed over all the galaxy pixels assigned by the segmentation map:
where x c , y c is the galaxy's center. The center is computed by finding x c , y c such that M tot is minimized.
The second-order moment of the brightest regions of the galaxy traces the spatial distribution of any bright nuclei, bars, spiral arms, and off-center star-clusters. We define M 20 as the normalized second order moment of the brightest 20% of the galaxy's flux. To compute M 20 , we rank-order the galaxy pixels by flux, sum M i over the brightest pixels until the sum of the brightest pixels equals 20% of the total galaxy flux, and then normalize by M tot :
Here f tot is the total flux of the galaxy pixels identified by the segmentation map and f i are the fluxes for each pixel i, order such that f 1 is the brightest pixel, f 2 is the second brightest pixels, and so on. The normalization by M tot removes the dependence on total galaxy flux or size. We find that defining M with brighter flux thresholds (e.g. 5% of f tot ) produce moment values that are unreliable at low spatial resolutions ( §2.3), while lower flux threshold lead to a less discriminating statistic.
While our definition of M 20 is similar to that of C, it differs in two important respects. Firstly, M 20 depends on r 2 , and is more heavily weighted by the spatial distribution of luminous regions. Secondly, unlike C, M 20 is not measured within circular or elliptical apertures, and the center of the galaxy is a free parameter. We shall see in §3 that these differences make M 20 more sensitive than C to merger signatures such as multiple nuclei. In Figures 3 and 4 , we display the segmentation maps and the regions containing the brightest 20% of the flux for the eight test galaxies.
2.3.
Concentration, Asymmetry, and Smoothness Concentration is defined in slightly different ways by different authors, but the basic function measures the ratio of light within a circular or elliptical inner aperture to the light within an outer aperture. We adopt the Bershady et al. (2000) definition as the ratio of the circular radii containing 20% and 80% of the "total flux" :
where r 80 and r 20 are the circular apertures containing 80% and 20% of the total flux, respectively. For comparison to the most recent studies of galaxy concentration, we use Conselice's (2003) definition of the total flux as the flux contained within 1.5 r p of the galaxy's center (as opposed to Bershady's definition as the flux contained within 2 r p ). For the concentration measurement, the galaxy's center is that determined by the asymmetry minimization (see below). In Figures 3-4 , we over-plot r 80 and r 20 for eight galaxies of varying morphological type in the far left-hand panels.
The asymmetry parameter A quantifies the degree to which the light of a galaxy is rotationally symmetric. A is measured by subtracting the galaxy image rotated by 180 degrees from the original image (Abraham et al. 1995 , Wu 1999 , Conselice et al. 2000 .
where I is the galaxy's image and I 180 is the image rotated by 180 about the galaxy's central pixel, and B 180 is the average asymmetry of the background. A is summed over all pixels within 1.5 r p of the galaxy's center. The central pixel is determined by minimizing A. The asymmetry due to the noise must be corrected for, and it is impossible to reliably measure the asymmetry for low S/N images. In Figures 3-4 , we display the residual I − I 180 image and the 1.5 r p aperture in the second column. Objects with very smooth elliptical light profiles have a high degree of rotational symmetry. Galaxies with spiral arms are less symmetric, while extremely irregular and merging galaxies are often (but not always) highly asymmetric.
The smoothness parameter S has been recently developed by Conselice (2003) , inspired by the work of Takamiya (1999) , in order to quantify the degree of small-scale structure. The galaxy image is smoothed by a boxcar of given width and then subtracted from the original image. The residual is a measure of the clumpiness due to features such as compact star clusters. In practice, the smoothing scalelength is chosen to be a fraction of the Petrosian radius.
where I S is the galaxy's image smoothed by a boxcar of width 0.25 r p , and B S is the average smoothness of the background. Like A, S is summed over the pixels within 1.5 r p of the galaxy's center. However, because the central regions of most galaxies are highly concentrated, the pixels within a circular aperture equal to the smoothing length 0.25 r p are excluded from the sum. In Figures 3-4 , we display the residual I − I S images, and the 0.25 and 1.5 r p apertures in the third column. S is correlated with recent star-formation (Takamiya 1999 , Conselice 2003 . However, because of its strong dependence on resolution, it is not applicable to poorly resolved and distant galaxies.
RESOLUTION AND NOISE EFFECTS
In order to make a fair comparison of the measured morphologies of different galaxies, we must understand how noise and resolution affect G and M 20 . This is particularly important when comparing local galaxies to high-redshift galaxies, as the observations of distant galaxies are generally of lower signal-to-noise and resolution than those of local galaxies. We have defined G and M 20 in the previous sections in an attempt to minimize systematic offsets with noise and resolution. Nevertheless, any measurement is ultimately limited by the S/N of the observations. Also, the PSF and finite pixel size of the images may introduce increasing uncertainties to the morphologies as the resolution decreases and small-scale structures are washed out.
We have chosen eight galaxies of varying morphological type (Figures 3 and 4 ; Table 1 ) to independently test the effects of decreasing S/N per pixel and physical resolution (pc per pixel) on the measurements of G, M 20 , C, A, and S. For the S/N tests, random Poisson noise maps of increasing variance were added to the original sky-subtracted image. For each noise-added image, we measured r p , created a new segmentation map, measured < S/N > for galaxy pixels assigned by the segmentation map, and measured G, M 20 , C, A, and S. Noisy galaxy images were created and measured 20 times at each S/N level, and the mean changes in the morphological values with < S/N > are plotted in Figure 5 . To simulate the effect of decreasing resolution, we re-binned the galaxy images to increasingly large pixel sizes. Re-binning the original galaxy images increases the S/N per pixel, so additional Poisson sky noise (σ sky ) was added to the re-binned image such that average < S/N > was kept constant with decreasing resolution. Again, we measured r p , created a segmentation map, and computed the average change G, M 20 , C, A, and S with resolution for 20 simulations at each resolution step ( Figure 6 ).
We find that G, M 20 , and C are reliable to within ∼ 10% (∆ ≤ 0.05, 0.2, and 0.3 respectively) for galaxy images with < S/N >≥ 2. A systematically decreases with < S/N >, but generally shows offsets less than 0.1 at < S/N >≥ 5. S also systematically decreases with < S/N >, and has decrements less than 0.2 at < S/N >≥ 5. Decreasing resolution, however, has much stronger effects on the morphology measurements. C and M 20 show systematic offsets greater than ∼ 15% (∆ ≥ 0.5 and 0.3, respectively) at resolution scales worse than 500 pc, as the cores of the observed galaxies become unresolved. G, A, and S, on the other hand, are relatively stable to decreasing spatial resolution down to 1000 pc. As a galaxy's image becomes less resolved, the observed curve of growth changes resulting in larger r p values, and therefore producing slightly higher G values as the segmentation map grows accordingly. At the lowest resolutions, the observed biases in C, A and S appear to be a function of Hubble type: the E-Sbc galaxies are biased to higher A and S and lower C, while both the Sd and mergers are biased toward lower A and the merger remnants are biased to higher C. On the other hand, on the Sc and Sd galaxies show G offsets > 20% (∆ ∼ 0.1) at resolutions between 1000 and 2000 pc.
LOCAL GALAXY MORPHOLOGIES
Frei and SDSS Local Galaxy Samples
We have measured G, M 20 , C, A, and S at both ∼ 4500Å and ∼ 6500Å for 104 local galaxies taken from the Frei et al. (1996) catalog. The Frei catalog galaxies are a representative sample of bright, well-resolved, Hubble-type galaxies (E-S0-Sa-Sb-Sc-Sd), and have been used as morphological standards by a number of authors (Takamiya 1999; Wu 1999; Bershady et al. 2000; Conselice et al. 2000; Simard et al. 2002) . The galaxies were observed by Frei et al. (1996) with either the 1.5 meter telescope at Palomar Observatory or the 1.1 meter telescope at Lowell Observatory. The Palomar images were taken in the Thuan-Gunn g and r filters (λ ef f = 5000Å, 6500Å) at plate scale = 1.19 ′′ per pixel and typical PSF FWHM ∼ 2-3 ′′ . The Lowell images were taken in the B J and R pass-bands (λ ef f = 4500Å, 6500Å) at a plate scale = 1.35 ′′ per pixel and typical PSF FWHM ∼ 3-5 ′′ . In Table 2 , we give G, M 20 , C, A, and S as measured in R/r and B J /g for each of the galaxies.
We have also obtained the images of 9 Frei galaxies and 44 other galaxies selected by their u-band brightness (u < 14) from the SDSS Data Release 1 database (Abazajian et al. 2003) . The morphologies of the SDSS sample were measured in the u, g and r-bands (λ ef f = 3600Å, 4400Å, and 6500Å respectively; Table 3 ). The SDSS plate scale is 0.4 ′′ per pixel and the r-band PSF FWHM values are typically ∼ 1.3-1.8 ′′ (Stoughton et al. 2002) . We find that the mean absolute difference between the SDSS and Frei observations are : δG = 0.02 δM 20 = 0.12 δC = 0.11 δA = 0.04 δS = 0.09, r/R band δG = 0.02 δM 20 = 0.11 δC = 0.14 δA = 0.05 δS = 0.14, g/B band (12) In addition, we have analyzed B-band images of 22 nearby dwarf irregular galaxies from the Van Zee (2001) sample (Table 4) . We have selected galaxies from the original Van Zee sample with minimal foreground star contamination and < S/N > ≥ 2. These images were obtained at the Kitt Peak 0.9 m telescope and have PSF FWHM ∼ 1.4-2.3 ′′ and a plate scale=0.688 ′′ .
In Figures 7-8 , we examine the dependence of C, A, S, G, and M 20 on the observed nearultraviolet/optical wavelength. For the majority of galaxies, the difference between the observed morphologies at ∼ 4500Å (B/g)and 6500Å (R/r) are comparable to the observational offsets be-tween the SDSS and Frei observations of the same galaxies in the same bandpass. The observed changes in C, G, and M 20 from ∼ 3600Å (u) to ∼ 6500Å (r) are also consistent with observational scatter. The SDSS u-band observations often have too low S/N to obtain reliable asymmetries. This may also produce the increased scatter in S. Nevertheless, late-type galaxies generally have higher clumpiness values and slightly higher M 20 values at 3600Å than 6500Å. A handful of galaxies (many of which are edge-on spirals) show much larger morphological changes at bluer wavelengths. The S0 galaxy UGC1597 has an obvious tidal tail, and it has higher g-band A, S, and G values and a lower g-band C. Several mid-type spirals have significantly higher M 20 values in B/g than in R/r. These include NGC3675, an Sb with prominent dust features, and NGC 5850, an Sb with a star-forming ring.
Previous studies have noted small offsets in concentration and asymmetry from U and B to R, with much stronger shifts at wavelengths ≤ 2500Å (Brinchmann et al. 1998 , Conselice et al. 2000 , Kuchinski et al. 2001 . We see similar trends of slightly higher B/g asymmetries for latetype spirals (∼ 0.05) and lower B/g concentrations for most galaxies (∼ 0.1). However, given that these trends are smaller than the difference between different observations of the same galaxy at the same wavelength, we conclude that morphological K-corrections to C and A are not very substantial for most normal galaxies observed redward of rest-frame ∼ 3500−4000Å. The late-type spirals show small but systematic trends of stronger clumpiness and higher second order moments at bluer wavelengths.
In Figure 9 , we examine the G − M 20 morphologies of local galaxies observed in both the R/r and B/g-bands. The distribution of local galaxies is very similar at both wavelengths, with E/S0s showing high G and low M 20 values, Sa-Sbc at intermediate G and M 20 values, and most late-type spirals and dI with low G and higher M 20 values. Most edge-on galaxies (barred symbols) show G and M 20 values consistent with the mean values for their Hubble type. One notable exception is the S0 NGC4710, which has a prominent dust lane and G = 0.50, ∼ 0.1 lower than for other E/S0s. The majority of local galaxies lie below the rough dividing line plotted in Figure 9 . Four out of the 22 dIs lie above this line. Two of these are classified as star-bursting dwarfs (UGC11755 and UGCA439), and a third has the bluest U − B color gradient in the sample (UGC5288; Van Zee 2001) . The other outliers are UGC10991 which appears to have a tidal tail and star-forming knots, and UGC10310 which has two very bright knots in its outer arms that may be foreground stars. As we discuss in the next section, most ULIRGs lie above this dividing line. While a few truly star-bursting dIs are ∼ 0.04 in G above the normal galaxy sequence at blue wavelengths, it appears that dIs will not seriously contaminate the merger/interacting galaxies classified by G − M 20 .
Merger Indicators
One of the primary goals of morphological studies is to quantitatively identify interacting and merging galaxies. Towards this end, Abraham (1996) and Conselice (2000 Conselice ( , 2003 have used combinations of concentration, asymmetry, and smoothness to roughly classify "normal" galaxies as early and late-types, as well as to distinguish mergers from these normal types. Abraham (2003) also found that for a large sample of normal galaxies, the Gini coefficient is strongly correlated with concentration, color, and surface brightness, and therefore may be as efficient as concentration at quantifying galaxy morphologies. Here we compare the effectiveness of our definition of the Gini coefficient (Equation 6 ) to C at classifying local galaxy types and identifying merger candidates. We also expect that M 20 will be strongly correlated to C, due to their similar definitions, and therefore examine the G − M 20 correlation and compare it to the C − G relation found by Abraham et al. (2003) .
In Figures 10-14 , we compare the R/r-band morphological distributions of our local galaxy sample to archival HST WFPC2 F814W observations of 73 ultra-luminous infrared galaxies with 11.5 ≤ log(L F IR /L ⊙ ) ≤ 12.5 and < S/N >≥ 2 (ULIRGs; Borne et al. 2000, HST Cycle 6 program 6346, Table 5 ). ULIRGs often show morphological signatures of on-going or recent merger events in the form of high asymmetries, multiple nuclei, and tidal tails (Wu et al. 1998 , Borne et al. 2000 , Conselice et al. 2000 , Cui et al. 2001 . We have divided the ULIRG sample into objects with "single", "double", or "multiple" nuclei as classified by Cui et al. 2000 by counting the number of surface brightness peaks with FWHM > 0.14 ′′ and M I < −17.0 separated by less than 20 kpc projected. We also identify ULIRGs in projected pairs as IRAS sources with projected separations greater than 20 kpc and less than 120 kpc. The ULIRG sample has a mean redshift of ∼ 0.2, therefore the F814W bandpass (λ ef f = 8200Å) samples the rest-frame light at ∼ 6800Å. Given the 0.14 ′′ PSF of the WF camera, ULIRGs at z < 0.25 are spatially resolved to better than ∼ 500 pc, and may be directly compared to the local galaxy r/R-band observations. Most ULIRGs lie above the G−M 20 correlation for normal galaxies (Figure 10 , bottom panels), while many ULIRGs overlap with the C − G and C − M 20 correlations for normal galaxies ( Figure  11 ). Normal local galaxies also segregate more cleanly from the ULIRGs sample in G − A and G − S than C − A and C − S (Figures 12-13 ). In particular, the Gini coefficient of edge-on spirals galaxies is more consistent with the values obtained for face-on spirals. Also, ULIRGs with double or multiple nuclei generally have higher Gini coefficients relative to their concentrations than most normal galaxies. G − M 20 is slightly less effective at identifying single-nuclei ULIRGs than G − A and G − S; however, M 20 is a more robust indicator at low S/N than A and S and at low resolution than S (Figures 5-6 ), and therefore may be applied to fainter galaxy populations. We find that M 20 in combination with C, A, and S is not effective at separating the ULIRGs from the normal galaxy population (Figures 12 and 14) . In Table 6 , we give the results of a series of two-dimensional Kolmogorov-Smirnov (KS) tests (Fasano & Franceschini 1987) applied to the ULIRGs and R/rband normal galaxy observations for each combination of C, A, S, G, and M 20 . For all the tests, the probability that the ULIRGs and normal galaxies are drawn from the same parent sample is less than 10 −6 .
While the ULIRG population as a whole occupies a different region of C − A − S − G − M 20 space than our SDSS and Frei galaxy samples, we also find significant differences between ULIRGs in well-separated pairs, ULIRGs with single nuclei, and ULIRGs with double or multiple nuclei (Table 6 ). ULIRGs in pairs show the smallest offsets from the normal galaxy sample. Double and multi-nuclei ULIRGs show the greatest changes in morphology, with typically large M 20 and A values. Single-nucleus ULIRGs appear similar to paired ULIRGs, but can also have higher G and C. Two dimensional KS tests show that the multi-and double-nuclei ULIRGs are distinct from the single-nucleus ULIRGs and paired ULIRGs with greater than 97% and 90% confidence, respectively. The multi-and double-nuclei ULIRGs have a greater than 5% probability of being drawn from the same sample, while single-nucleus ULIRGs and ULIRGs in pairs have a greater than 12% probability of being drawn from the same sample.
GALAXY MORPHOLOGIES AT REDSHIFT > 2
One of the major successes of the hierarchical paradigm of galaxy formation has been the discovery of large fractions of morphologically-irregular galaxies at z > 1 (e.g. Driver et al. 1995; Abraham et al. 1996; Odewahn et al. 1996; Abraham & van den Bergh 2001) . Many of these galaxies are excellent merger candidates, and suggest merger fractions between 25-40% at 0.5 < z < 2. However, morphological studies of the most distant galaxies -the Lyman-break galaxies (LBGs) -have produced confusing and conflicting conclusions. Initial HST WFPC2 observations of the rest-frame far-ultraviolet morphologies of 20 z > 3 galaxies found that they possessed one or more compact "cores" with sizes similar to present-day spiral bulges (Giavalisco et al. 1996) . More recent ACS observations of large numbers of 2 < z < 6 LBGs have confirmed ultraviolet half-light radii between 1.5 and 3.5 kpc and concentrations similar to local bulges and ellipticals (Ferguson et al. 2003) . However, these LBGs have an ellipticity distribution more like disk galaxies than ellipsoids, leading to the conclusion that LBGs are drawn from a mixture of morphological types. Rest-frame optical observations in the near-infrared with NICMOS have shown that the observed LBG morphologies are not a strong function of wavelength (Papovich et al. 2001; Dickinson 1999) , and that LBGs have internal far-UV -optical color dispersions much smaller than z ∼ 1 galaxies (Papovich 2002) . LBGs are significantly bluer than local galaxies, and it is likely that their ultraviolet and optical morphologies are dominated by young stars. Their small sizes, high concentrations, and high star-formation rates suggest that many are precursors to local spiral bulges. However, surface-brightness dimming may prevent the detection of faint tidal tails and some appear to possess multiple nuclei. In a recent study of the optical morphologies of the Hubble Deep Field North galaxies, Conselice et al. (2003) found that 7 out of 18 z < 3, M B < −21 galaxies possess corrected asymmetries greater than 0.35, implying that up to 50% are recent mergers. However, as we found in §4, asymmetry is not as sensitive by itself at detecting merger remnants as it is in combination with C or G. Here we re-examine the optical morphologies of the HDFN high-redshift galaxy sample using C, G, and M 20 , and we attempt to classify these galaxies as ellipticals, disks, or recent mergers.
The Hubble Deep Field North has 27 spectroscopically-confirmed high-redshift galaxies and 70 additional candidates with 1.7 < z < 4 and H < 25.0 (Papovich et al. 2001 and references therein) . At these redshifts, the near-ultraviolet and optical regions of the galaxies spectral energy distributions have been shifted to redward of 1 µm, and therefore require infrared observations to directly compare their morphologies to the rest-frame near-UV/optical morphologies of local galaxies. The HDFN has been observed with the NICMOS camera 3 in the F110W (J) and F160W (H) band-passes (λ ef f = 1.1µm, 1.6µm) down to a 10 σ limiting magnitude of 26.5 (Dickinson 1999, HST Cycle 7 program 7817) . Most of the HDFN LBGs are fainter than H = 23.0; therefore, to increase their signal-to-noise per pixel, we have measured the morphologies of the LBG sample in a summed F110W and F160W image. The effective central wavelength of the summed LBG observations is ∼ 1.3µm. Galaxies at z ∼ 2 and 3 are observed at rest-frame wavelengths 4300Å and 3250Å respectively. Out of our initial sample of 97 H < 25 1.7 < z ≤ 3.8 galaxies, 33 galaxies with 1.7 < z < 2.3 and 16 galaxies with 2.3 ≤ z ≤ 3.8 have < S/N >> 2.0 (Table 7) . We also give estimates of the rest-frame M B in AB magnitudes, computed by interpolating between the J, H, and K s fluxes and assuming H 0 = 70 km s −1 Mpc −1 , Ω Λ = 0.7, Ω m = 0.3 cosmology.
The NICMOS images offer the highest available resolution at near-UV/optical wavelengths for these galaxies. Nevertheless, the physical resolution of the z > 2 galaxies is significantly worse than that for the local galaxy images. The dithered NIC3 observations have a pixel scale = 0.08 ′′ per pixel and a PSF FWHM = 0.22 ′′ . At z ≥ 2 this corresponds to a physical pixel scale of ∼ 670 pc and PSF FWHM ∼ 1.8 kpc. Our simulations in §3 showed that these resolutions produce strong biases in the measured morphologies which are often a function of morphological type. The well-defined correlations of local galaxy morphologies are likely to change significantly with these biases. Therefore we compare the LBG morphologies to local galaxy images which have been measured from degraded u-band and B/g-band images. The galaxies are selected to lie in the same (M B − M * ) range (Figure 15 ), assuming M * = −20.1 locally (Blanton et al. 2003b ) and M * = −22.9 at z ≥ 2 (Shapley et al. 2001 ). This selection tests a "passive" evolutionary scenario, in which the local galaxies were brighter in the past but did not evolve morphologically. We select local galaxies observed in B/g with 3.5 ≥ (M B − M * ) ≥ 1.0 to compare to a similarly selected z ∼ 2 sample, and local galaxies observed in u with 2.5 ≥ (M B − M * ) ≥ −0.5 to compare to the z ∼ 3 sample.
The local galaxies images were first deconvolved in the standard way in IDL: we divide the Fourier transform of the image by the Fourier transform of the PSF, and compute the inverse Fourier transform of the result. Next they were re-binned to the pixel scale of galaxies observed at z = 2 (670 pc per pixel) or z = 3 (616 pc per pixel), and convolved with the NIC3 PSF (FWHM = 0.22 ′′ = 2.75 pixels). The galaxy fluxes were scaled to the count rate for an M * galaxy at z = 2 or z = 3 observed by NICMOS in F 110W + F 160W . Finally, a blank region of NICMOS HDFN combined F 110W + F 160W image was added to the redshifted galaxy images to simulate the effects of sky noise. (Note that we do not conserve the luminosities of the local galaxy sample. Many local galaxies would not be visible at z = 2 − 3 in the rest-frame u or B, and Lyman break galaxies are typically two magnitudes brighter than local galaxies. Our simulations in §3 suggest that at < S/N >> 2, spatial resolution will dominate any morphological biases.)
We find that the poor spatial resolution of z = 2 − 3 galaxies is expected to significantly bias their observed morphologies. In Table 8 , we give the simulated mean biases in C, A, S, G, and M 20 for early, mid, and late-type galaxies at z = 2 and z = 3 observed at ∼ 1.3µm. A scatter of ∼ 0.13 is introduced to the A measurements, making it ineffective at distinguishing between early and late-type galaxies. S also has large uncertainties at these resolutions, and large biases for E/S0s as a result of their unresolved centers. C and M 20 are also significantly biased as a function of morphological type, but have a greater dynamical range and therefore are still useful. G remains a reliable unbiased diagnostic out to at least z ∼ 3 for the NICMOS HDFN plate scale and PSF (Table 8) .
Given these biases, the some of the observed LBG morphologies appear to be similar to the morphologies of local early-type galaxies (Figures 16-17) . However, some of the z ∼ 2 − 3 galaxies have higher Gini coefficients and/or asymmetries than expected from the degraded local galaxy images (Figure 16 ), and one z ∼ 3 object has a double nucleus, resulting in a much higher asymmetry and M 20 than any of the degraded local galaxy images. We have applied a series of two-dimensional KS-tests to the LBG sample and degraded local galaxy simulations, similar to the ones used in §4 (Table 9 ). We find that the z ∼ 2 LBG sample has a less than 0.4% probability of matching the degraded B/g band local galaxy morphologies for all combinations of C − A − G − M 20 , except for C − M 20 where systematic biases are the strongest. The z ∼ 3 LBGs are more likely to be drawn from a populations of galaxies with "normal" morphologies (> 2% probability); however fewer galaxies are observed in the z ∼ 3 and the u-band local galaxy samples, and one galaxy is highly asymmetric. Therefore, it is highly unlikely that the z ∼ 2 galaxies have morphologies identical to local elliptical/S0 or spiral galaxies; rather their high G and moderate A values suggest that they are more like the ULIRG population (Figures 10-12 ).
SUMMARY
We have re-defined the Gini coefficient in Equation 6 as a statistic for measuring the distribution of flux values within a galaxy's image, and introduced M 20 (Equation 8 ), the second-order moment of the brightest 20% of the galaxy's flux. These two indices are complementary, nonparametric morphology measures. We have tested robustness of G and M 20 to decreasing S/N and resolution and found them to change by less than 10% for average S/N per pixel ≥ 2 and resolutions better than 500 pc. At worse resolutions, C, A, and M 20 have systematic biases which are a function of Hubble type, while S becomes unreliable. G, on the other hand, appears to be remarkably stable at low resolutions and therefore is a powerful tool for classifying the morphologies of high-redshift galaxies.
We have measured C, A, S, G, and M 20 from the near-UV/optical images of 170 local E-S0-Sa-Sb-Sc-Sd-dI galaxies, 73 z ∼ 0.2 ULIRGs, and 49 1.7 < z < 3.8 Lyman break galaxies. We find that: 1)Normal Hubble-type galaxies follow a tight G − M 20 − C sequence. Early-type and bulgedominated systems have high Gini coefficients and concentrations and low second-order moments as a result of their bright and compact bulges. Shallower surface brightness profiles, spiral arms, and off-center star clusters give late-type disks lower Gini coefficients and concentrations and higher second-order moments.
2) In combination with A and S, G is more effective than C at distinguishing ULIRGs from normal Hubble types. We also find that most ULIRGs lie above the G − M 20 sequence and can be identified by by their higher G and M 20 values. The high Gini coefficients arise from very bright compact nuclei, while multiple nuclei and bright tidal features produce large second-order moments.
3) ULIRGs with double and multiple nuclei have a statistically different distribution in morphology space than single nuclei ULIRGs. ULIRGs with double/multiple nuclei typically have higher second-order moments and asymmetries and slightly lower concentrations than single nuclei ULIRGs. Singly-nucleated ULIRGs are more likely to possess low asymmetries and low second-order moments, and often have higher concentrations and Gini coefficients than ULIRGs in well-separated galaxy pairs. 4) Many of HDFN galaxies at z ∼ 2 have higher rest-frame B-band Gini coefficients and asymmetries than expected for local elliptical and spiral galaxies degraded to the same resolution. Instead, these objects are most similar in morphology to local ULIRGs.
Our revised Gini coefficient has proven itself to be a highly robust and unbiased non-parametric morphological indicator for z > 2 galaxies observed at HST NICMOS resolution, and therefore has opened a window into the morphologies and assembly of the earliest galaxies. At lower redshifts, and in combination with M 20 , A, and S, the Gini coefficient allows us to more precisely classify galaxy morphologies and identify merger candidates. In our next paper, we analyze a suite of hydrodynamical galaxy merger simulations to predict the evolution of merging galaxies in G-M-C-A-S morphology space. These simulations will explore a range of merger mass ratios, orbital parameters, and star-formation feedback efficiencies, and will trace the spatial distribution of dark matter, gas, and old and new stars as a function of time (Cox et al. 2004 ).
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